This article describes the development of biosensors with electrochemically-amplified responses. In general, chemical amplification involves a reaction sequence for a substrate to generate a relatively large amount of the product. Thus a trace concentration of analyte can be caused to yield orders of magnitude higher product concentration which may be more easily be measured than the analyte itself. For electrochemical biosensors that detect biochemical reactions on the electrode surfaces, chemical amplification procedures suitable for concentrating the electroactive species near the electrode/test solution interface should be utilized to enhance the sensor response effectively. Thus the use of combination of bio-electrochemical processes such as catalytic reaction to regenerate electroactive species and adsorptive stripping procedure to accumulate electroactive species on electrode surfaces can be useful for realizing highly-sensitive biosensors. Actually, immunoassay protocol combined with such electrochemical amplification techniques has enabled us to determine biomarkers with picomolar-levels. Recently we have successfully applied particle manipulation based on dielectrophoresis to develop rapid and separation-free immunosensing systems. The union of highly-sensitive electrochemical detection and dielectrophoretic particle manipulation (or accumulation) would provide biosensor systems suitable for the purpose of the point-of-care testing of biomarkers.
Introduction
Analytical devises combining the high specificity of biochemical reaction with the simplicity of electrochemical signal transduction have attracted increasing interest. The market of the electrochemical biosensor for self-monitoring blood glucose has been expected to reach 1 trillion yen in the world [1] , which clearly demonstrate the usefulness of biosensor technologies and stimulated us to develop electrochemical biosensors for the point-of-care testing (POCT) of various biomarkers to diagnose diseases such as cancers and heart failures.
For example, there exist 1 million Japanese with severe congestive heart failure (CHF).
A useful information for the diagnosis of CHF can be given by determining a cardiac biomarker, B-type natriuretic peptide (BNP), in blood [2] .
However, the concentrations of such biomarkers are usually extremely low: the normal blood BNP concentrations are picomolar levels.
The lower detection limit is, of course, determined by the signal-to-noise ratio in measuring the analyte. For the simple and inexpensive POCT sensors, the incorporation of sufficient noise reduction system is usually difficult. Therefore, methods for enhancing signal output should be employed so as to measure extremely low concentration of analyte with simple POCT sensors.
Chemical amplification is a suitable way for increasing signal levels. In general, chemical amplification involves a reaction sequence that produces a relatively large amount of product from a substrate [3] . Hence a trace concentration of analyte can give order of magnitude higher concentration of product that may be more easily be measured than the analyte itself. [11] , and BNP at the same concentration level based on the accumulation/detection procedure [12] .
This article describes our research results for preparing biosensors with chemically amplified responses for that provide simple and highly-sensitive assays [13, 14] .
Catalytic reactions by using a couple of enzymes
By using an appropriate enzyme couple, we can introducing the LDH-catalyzed analyte regeneration [6] . The determination of NAD(P)H in nanomolar level could be achieved by using the dehydrogenase/NAD(P)H oxidase-couple [15, 16] .
The high selectivity of enzyme is useful for casting the analyte into the cyclic reaction sequence without the loss by the side reactions.
Electrocatalytic reactions using a single enzyme
The use of an electrochemical reaction for replacing an enzymatic reaction results in a single enzyme-based system with electrochemical current measurement and enzymatic analyte regeneration.
We have determined catechols by using a glucose oxidase (GOD)-modified electrode [7] :
The regeneration of the analyte by the GOD-catalyzed reaction provided an amplified response (amplification factor, 60) for catechol (and dopamine). [18, 19] .
The application of catalytic procedure to various biosensing systems
By introducing a catalytic procedure into an enzyme immunoassay protocol, we have determined ANP in picomolar level [11] with alkaline phosphatase-labeled anti-ANP antibody (ALP-Ab), as illustrated in Fig. 1 . A certain amount of ANP-containing sample was added to an ALP-Ab solution to undergo the immunological reaction. The similar methodology could be applied to the detection of lipopolysaccharide (LPS) by using a ferrocene-attached ligand for LPS, a ferrocene boronic acid derivative [22] (Fig. 2) or a ferrocene-attched polymixin B [23] .
Accumulation of the enzymatic reaction product
When a chemical species is readily accumulated on the electrode surface, it can be measured electrochemically with enhanced sensitivity.
Thiols are chemisorbed on metal (such as, gold, silver and copper) electrodes and desorped through one-electron path [24] . Thus the chemisorption (accumulation)/desorption (detection) process can be applied to the highly-sensitive determination of thiols and thiol-producing enzymes (Fig. 3) .
Actually, 6-mercaputopurin [9] , a drug of antimetabolite, and acethylcholinesterase (AChE) [25, 26] that produced thiocholine through the hydrolysis of acethythiocholine, could be determined with the detection limits of 10 nM and 10 mU/L, respectively. The procedure for measuring the AChE activity has successfully been applied to immunoassay systems by employing AChE as a marker enzyme: BNP from 15 to 150 pM could be determined within an hour [12, 27] .
More sensitive and rapid determination of BNP has been achieved by the combination of the accumulation-based assay with a microfluidic system. BNP as low as 1.5 pM could be detected within 30 min by using a microfluidic device [26] .
In general, (bio-)chemical reactions occurred on substrate surfaces proceed quickly in miniaturized systems, since a small diffusion length and a high for the exact determination of BNP [28] .
To avoid such a troublesome pretreatment of the sample, the use an enzyme modifier whose activity in the sample is extremely low is a suitable approach. Thus we have begun to use GOD as the modifier for antibodies. GOD is not contained in human body and shows high stability and specific activity.
For the sensitive measurement of hydrogen peroxide, the product of GOD-catalyzed reaction, poly(vinylpyridine) containing [Os(bpy) 2 ] 2+ and HRP (Os II /HRP-polymer) was employed. The polymer has widely been used for the amperometric determination of hydrogen peroxide from 0.1 to 100 μM [31] . On the other hand, Iwasaki et al. [32] has applied the polymer for the detection of to control blood glucose levels, at pM levels [33] . analyte and creatinine in diluted urin samples by using a dual sensor system [34] .
Dual amplification system
Recently we have prepared an immunosensing The deposited silver was converted to a signal by anodic stripping voltammetry (Fig. 3) . The detection limit of CEA was 10 pg/mL.
Towards the realization of rapid, simple and highly-sensitive immunosensing systems
We have recently developed rapid and simple immunosensing methods by applying dielectrophoretic (DEP) manipulation of microparticles [36] [37] [38] [39] .
For example, the assay of alphafetoprotein (AFP), a tumor maker, was carried out as follows [36] . Microparticles modified with an anti-AFP antibody that had introduced in a microfluidic cell were accumulated on designated areas of the cell modified with the second antibody 
Conclusions
The combination of chemical amplification methods with biosensing technologies have proved to be suitable approach for preparing simple and highly-sensitive biosensing systems involving immunosensor systems for detecting biomarkers.
DEP manipulation of microparticles has
provided an excellent technique for the accumuration and separation of the particles. The combination of DPE manipulation of microparticles with appropriate biofunction and chemicallyamplified signal transduction would be useful for realizing rapid, simple and highly-sensitive POCT systems.
